Comparison of fermentation results and quality of the agricultural distillates obtained by application of commercial amylolytic preparations and cereal malts by unknown
1 3
Eur Food Res Technol (2016) 242:321–335
DOI 10.1007/s00217-015-2542-7
ORIGINAL PAPER
Comparison of fermentation results and quality of the 
agricultural distillates obtained by application of commercial 
amylolytic preparations and cereal malts
Maria Balcerek1 · Katarzyna Pielech‑Przybylska1 · Ewelina Stra˛k1 · Piotr Patelski1 · 
Urszula Dziekon´ska1 
Received: 8 June 2015 / Revised: 26 August 2015 / Accepted: 30 August 2015 / Published online: 14 September 2015 
© The Author(s) 2015. This article is published with open access at Springerlink.com
lower concentrations of undesirable acetaldehyde than the 
distillate obtained from unmalted rye alone.
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Introduction
Cereals are extensively used to produce alcoholic bever-
ages, such as beer, vodka, whisk(e)y, bourbon, and others. 
Alcoholic beverages made from fermented grain mashes 
are widespread and highly respected around the world for 
their flavor and taste. The most frequently consumed alco-
holic beverage in the world is beer [1]. The use of cereals 
as raw materials by the brewing industry can be divided 
into two main categories: malt and adjuncts. Also, many 
distilled beverages are produced from malt because of fla-
vor enhancement [2].
Barley (Hordeum vulgare, vulgare L.) is the primary 
cereal used in the production of malt in the world. Two 
types of barley are frequently used for the malting pro-
cess: 2-row and 6-row. Two-row barley produces malt with 
a large extract, lighter color, and less enzyme content than 
the 6-row type [3].
In many countries, the production of barley malt-based 
spirits, such as Scotch whisky and Irish whisky, has a 
centuries-old tradition and constitutes an important sector 
of the economy. Generally, they differ in terms of the type 
and proportion of the cereals used as raw materials and in 
terms of the type of stills used in the distillation process. 
The principal types of whisky also differ by geographical 
region. A characteristic feature of Scotch malt whisky is 
that the only cereal used in its manufacture is malted bar-
ley. It is the most commonly malted grain, in part because 
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of its high diastatic power, or enzyme content, though 
wheat and rye are also used [4, 5]. In the production of 
Scotch whisky, malted barley is used as a source of both α- 
and β-amylase. After milling, the grist is mashed in a tun. 
During mashing, the enzymes present in the cereal malt 
catalyze the hydrolysis of starch into fermentable sugars 
(especially maltose) [6, 7]. The production of malt whisky 
shares many parallels to the production of an all-malt beer. 
The fundamental difference between distilling and brew-
ing production practices is that Scotch whisky distillers do 
not boil their worts, since they need to retain the maximum 
levels of endogenous enzyme activity into the fermentation 
process to ensure that as much of the starch as possible is 
hydrolyzed to fermentable sugars, which can be converted 
efficiently into alcohol by yeast [8].
In the manufacture of Scotch grain whisky, other cereals 
are used along with malted barley to supply additional starch 
in the mash tun [5, 9]. For many years, maize was the tradi-
tional grain for Scotch grain whisky production, until it was 
effectively replaced by wheat, primarily because of its more 
favorable economics [10, 11]. Assessment of wheat varieties 
by the distilling industry and dialogue with plant breeders 
has led to obtain improved varieties from which distillers are 
capable to produce alcohol with yields equivalent to those 
obtainable from maize [12, 13]. Despite the fact that wheat 
has successfully replaced maize, there are still some con-
cerns regarding difficulties with handling this cereal in the 
distillery. These result from the higher viscosity, associated 
with wheat, which can affect the efficient handling of stream 
process (cooking and mashing). Therefore, maize is still con-
sidered to be superior to wheat as it produces higher alcohol 
yields and presents fewer processing problems.
Cereals such as sorghum and millet are considered to 
have similar characteristics to maize and can be consid-
ered to use in the brewing process [14]. Sorghum is used as 
malted and distilled beverages in Africa and Asia [15, 16].
Europe’s spirit drinks industry is the largest in the world. 
The main raw materials used by the EU spirit drinks indus-
try are the agricultural products (cereals, potatoes, sug-
arcane, sugar beets, and wine) used to make the different 
kinds of spirits, and 85 % of them is based on grain [17].
Value of production of agricultural products, among 
other spirits, is protected by a geographical indication 
(GI). Scotch whisky, Korn, and Polish Vodka are exam-
ples of EU geographical indications with an international 
reputation linked to the geographical area where they are 
produced [18]. Korn or Kornbrand is one of the interesting 
grain spirits produced in Germany, Austria, and Belgium 
(German-speaking community) [18]. According to the Ger-
man Purity Law of 1909, Korn may only be produced using 
whole grain rye, wheat, barley, buckwheat, or oat, grown on 
German-speaking land. Korn differs from vodka as it is dis-
tilled to lower alcoholic proofs and less rigorously filtered, 
which leaves more of the cereal taste in the finished spirit. 
Traditional Korn contains at least 32 % of alcohol by vol-
ume (ABV), while Doppelkorn or Edelkorn must contain at 
least 37.5 % ABV [19].
Rye (Secale cereale) has been cultivated in Europe since 
ancient times and is genetically related to wheat and barley. 
Representing <1 % of the world cereal production, rye is 
mainly grown where rye breads are most popular, i.e., in 
countries such as Poland, Germany, and Western Russia. 
The rye grain is second after wheat in importance for the 
production of breads, and it is also important in the distilla-
tion of rye whisky and as livestock feeds [20].
Poland and Lithuania have a tradition of making Starka 
from aged raw rye spirits, which dates back to the late six-
teenth and early seventeenth centuries. The basic raw mate-
rial in the production of Starka is rye distillate (raw spirit) 
of suitable organoleptic properties and alcoholic strength 
by volume (ASV) of 91–92 %. A meaningful element of 
the assessment of the usefulness of a rye distillate for the 
production of this spirit is the determination of higher alco-
hols, whose desirable content is estimated at approximately 
2 g L−1 100 % vol. alcohol, but raw spirits with their con-
tent of 3–3.5 g L−1 100 % vol. alcohol also often provide 
good results. In fact, the results depend on the relative 
proportions of the various alcohols, i.e., n-propyl, isobu-
tyl, isoamyl, and other alcohols, which often occur in very 
small amounts, but nevertheless influence the organoleptic 
properties of matured distillate [21].
Due to the importance of the spirits industry for con-
sumers, producers, and the agricultural sector [22], tech-
nological innovation should be applied both to improve the 
quality of traditional spirits and to create new original spirit 
drinks. Also taking into account that there is an increase in 
amount of micro-distilleries worldwide, which gave better 
care and attention to craft or niche products [23], the pro-
duction of spirits from malted and unmalted cereals may be 
incorporated in the manufacturing portfolio of small distill-
eries to bolster their competitiveness and facilitate attract-
ing new customers interested in nonstandard distillates. 
The development of production technology of new kinds 
of distillates contributes to expanding the range of products 
and increases the production capacity of Polish distilleries.
The objective of this study was to determine the effi-
ciency of rye starch hydrolysis in mashing processes using 
either enzymatic preparations or cereal malts as a source of 
amylolytic enzymes and starch and their effect on the phys-
icochemical composition of the prepared mashes, fermenta-
tion results, and the composition of the obtained distillates.
The scope of this study included:
•	 physicochemical analysis of raw materials;
•	 preparation of sweet mashes by pressureless liberation 
of starch (PLS);
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•	 establishing the impact of the source of amylolytic 
enzymes (enzymatic preparations or cereal malts) on 
the efficiency of starch hydrolysis, chemical composi-
tion of sweet mashes, and efficiency of the fermentation 
process;
•	 analysis of mashes upon completing fermentation 
including the determination of apparent and real extract, 
reducing sugars, dextrins, and ethanol content;
•	 evaluation of ethanolic fermentation efficiency and the 
concentration of by-products in the distillates.
Materials and methods
Raw materials
Rye grain of the cultivar Dan´kowskie Diament (“DANKO” 
Plant Breeding Ltd., Choryn´, Poland) was used as the main 
raw material. Pale malt from wheat, pale malt from rye, 
and brown malt from barley (WEYERMAN® MALT, Ger-
many) were also used, being a source of starch and amylo-
lytic enzymes. They are recommended for the production 
of whisky, schnapps, and aromatic spirits [24].
Enzymatic preparations
The amylolytic preparations used were Termamyl SC 
(α-amylase from Bacillus stearothermophilus, EC 3.2.1.1) 
and SAN Extra (glucan 1,4-α-glucosidase from Aspergil-
lus niger, EC 3.2.1.3), purchased from Novozymes A/S 
(Denmark).
Production of sweet mashes
Distillery mashes were prepared from rye grain and cereal 
malts in a vessel placed in a water bath and equipped with a 
laboratory stirrer and thermometer by two methods.
With enzymatic preparations by pressureless liberation 
of starch (PLS) [25]
Milled rye grain (1 kg) was mixed with water heated to 
50 °C (at a ratio of 3.5 L water per 1 kg of raw material) 
and the liquefying preparation Termamyl SC (α-amylase) 
was added (0.13 mL per 1 kg of starch). This mixture was 
continually stirred and heated to 90 °C. The medium was 
kept at this temperature for 30 min, then cooled to approxi-
mately 60 °C, and digested with the saccharifying prepa-
ration SAN Extra containing glucoamylase (0.6 mL per 
1 kg starch). Subsequently, the obtained sweet mash was 
cooled to a temperature at which fermentation was started 
(30 °C). Before inoculation with yeast, the pH of the mash 
was adjusted from 5.5 (during mashing) to 4.5 using sul-
furic acid solution (250 g kg−1). Mash was supplemented 
with an aqueous solution of (NH4)2HPO4 (0.2 g L
−1 mash) 
as a nitrogen source for yeast.
With cereal malts
Milled rye grain was mixed with milled cereal malts at a 
ratio of:
(I) 70 % unmalted rye + 30 % cereal malt;
(II) 50 % unmalted rye + 50 % cereal malt.
Then, the ground grain was mixed with fresh warm 
(approximately 40 °C) water at the same ratio as the mashes 
prepared with amylolytic preparations and continually 
stirred and heated to 58–60 °C. The mixture was kept at 
this temperature for 60 min, and then, obtained sweet mash 
was cooled to 30 °C. As in the case of mash prepared using 
enzymatic preparations, before inoculation with yeast, the 
pH of mashes was adjusted from 5.3 to 5.5 (during mash-
ing) to 4.5 using sulfuric acid solution (250 g kg−1), and 
mashes were supplemented with an aqueous solution of 
(NH4)2HPO4 (0.2 g L
−1 mash).
Yeast slurry preparation
Fermentations were carried out using a preparation of Etha-
nol Red dry distillery yeast (S. cerevisiae) (Fermentis, Divi-
sion of S.I. Lesaffre, France), designed for the production 
of alcohol up to 18 % vol. at high temperature (35 °C). The 
number of living yeast cells at packing was >2.0 × 1010 
per g, as declared by the manufacturer. Prior to inocula-
tion of mashes, yeast was hydrated and disinfected (15-
min incubation of cells suspended in sulfuric acid solution, 
pH 2.5, at room temperature) to eliminate weaker yeast 
cells and undesirable bacterial cells. The yeast slurry was 
added to the mashes at a ratio of 0.3 g d.m. of yeast L−1 
mash. The inoculated mashes were carefully mixed prior to 
fermentation.
Fermentation of mashes
Alcoholic fermentation of mashes was carried out in 10-L 
flat-bottomed flasks, each containing 6 L of inoculated 
mash. The flasks were closed with stoppers, equipped 
with fermentation pipes filled with glycerol, and kept in a 
thermostated room at 35 °C for 72 h. After fermentation, 
samples were taken for quantification of ethanol concentra-
tion, apparent extract (extract of mash containing ethanol), 
real extract (after ethanol distillation), reducing sugars, and 
dextrins.
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Distillation
After the completion of fermentation, all ethanol was dis-
tilled from the mashes using a laboratory distillation unit 
consisting of a distillation flask, a Liebig cooler, a flask for 
collecting ethanol and a thermometer. Distillates containing 
from 20 to 23 % of ethanol by volume were refined up to 
ABV (43 ± 1) % in a distillation apparatus equipped with a 
bi-rectifier unit (dephlegmator according to Golodetz) and 
subjected to chemical analysis.
Analytical methods
Raw materials, i.e., unmalted rye and cereal malts, were 
analyzed by the methods recommended for the agricultural 
and food industry for moisture content [26], reducing sug-
ars [27], starch [28] as well as total nitrogen [26], calcu-
lated as crude protein (Nx6.25 for barley malt, Nx5.7 for 
unmalted rye, rye malt, and wheat malt) and expressed in 
percentage of dry weight.
The enzyme activities of cereal malts were measured 
using Megazyme kits (Megazyme Ltd, Bray, Ireland) 
according to the ICC standard methods [29]. α-Amylase 
and β-amylase activities were measured using the Ceralpha 
method (kit K-CERA 01/12) and Betamyl-3 method (kit 
K-BETA3 10/10), respectively. All analyses for enzymatic 
activity were done in triplicate.
One unit of α-amylase activity is defined as the 
amount of enzyme, in the presence of excess thermo-
stable α-glucosidase, required to release one micromole 
of p-nitrophenol (in the presence of excess quantities of 
α-glucosidase) from non-reducing-end-blocked p-nitrophe-
nyl maltoheptaoside (BPNPG7) in 1 min at 40 °C. Activity 
is termed a Ceralpha unit [30].
One unit of β-amylase activity is defined as the 
amount of enzyme, in the presence of excess thermo-
stable β-glucosidase, required to release one micromole 
of p-nitrophenol from p-nitrophenyl-β-D-maltotrioside 
(PNPβ-G3) in 1 min at 40 °C. Activity is termed a Beta-
myl-3® unit [31].
Distillery mashes were analyzed according to the meth-
ods used in distilleries. In sweet mashes, total extract was 
measured using a hydrometer indicating the concentration 
of dissolved solids, mostly sugars, calibrated in g of sucrose 
or maltose per kg of aqueous solution (g kg−1) [26]. Other 
measurements included the determination of reducing sug-
ars and total sugars after acid hydrolysis [27], as well as 
dextrins calculated as the difference between total sugars 
and reducing sugars taking into consideration the coef-
ficient of conversion into dextrins (0.9), also expressed 
in g L−1 mash. Upon the completion of fermentation, fil-
tered mashes were analyzed for apparent extract (extract 
of mash containing ethanol) and real extract (after ethanol 
distillation), both measured using the same method as for 
total extract determination and expressed in g kg−1 mash 
[26]. Furthermore, ethanol concentration was determined 
using an areometer scaled in percent of ethanol by volume 
[26] and the concentration of residual sugars, expressed in 
g glucose L−1 mash [27].
Chromatographic analysis of volatile compounds in the 
obtained distillates was carried out using a GC apparatus 
(Agilent 7890A, USA) with mass spectrometer (Agilent 
MSD 5975C, USA). A HP-5 MS capillary column (30 m 
length, 0.25 µm film thickness, and 0.25 mm i.d.) was used 
to separate compounds. The GC oven temperature was pro-
grammed from 30 to 60 °C at a rate of 2 °C min−1 and then 
increased to 220 °C at a rate of 10 °C min−1 (hold time: 
5 min). The flow rate of the carrier gas (helium) through 
the column was 1.1 mL min−1. The temperature of injector 
(split/splitless) was kept at 250 °C. Injections (1 µl) were 
made in the split mode (1:40). MS conditions were as fol-
lows: ion source temperature 230 °C; transfer line tempera-
ture 250 °C; quadrupole temperature 150 °C; the ionization 
energy 70 eV. The mass spectra identification of the com-
pounds was carried out by comparison with the MS spec-
tra of computer library NIST 98.1 and the Wiley Registry 
of Mass Spectral Data, 8th edition. Qualitative analysis 
was verified by comparing the retention indices and mass 
spectra of identified compounds with those of authentic 
reference substance. For quantitative analysis, the MSD 
was operated in the selected ion monitoring mode (SIM). 
Quantitative analysis was performed using software Agilent 
MassHunter (USA). Gas chromatography standards were 
purchased from Sigma-Aldrich (St Louis, MO, USA) and 
were all of GC purity. Standard solutions were prepared 
using anhydrous ethanol (Sigma-Aldrich) as a solvent and 
refrigerated at 4 °C during storage.
Evaluation of fermentation
The intake of total sugars (the percentage of sugar consump-
tion during fermentation) was calculated as the ratio of sugars 
used during fermentation to their initial content in the mash 
and expressed as a percentage. Fermentation efficiency was 
calculated according to the stoichiometric Gay-Lussac equa-
tion in relation to total sugars and expressed as a percentage 
(%) of the theoretical amount, and fermentation yield was 
expressed as the volume of absolute ethanol (A100) obtained 
from 100 kg of starch (L of A100 100 kg
−1 starch) [21].
Statistical analysis
All fermentation samples were prepared and analyzed in 
triplicate. The results were tested statistically by analysis of 
variance (ANOVA) at a significance level p ≤ 0.05 using 
Origin 7.5 software.
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Results and discussion
The chemical composition of raw materials
The varietal characteristics, the course of the growing sea-
son, agrotechnics, and the conditions of malting process are 
the key factors determining the quality of the cereals and 
the malts produced from them [32–36].
The chemical composition of the tested raw materi-
als (Table 1) shows that the moisture content in the tested 
raw materials amounted (88.0 ± 3.56) g kg−1 unmalted rye 
grain, whereas in cereal malts was between (35.0 ± 1.85) 
g kg−1 barley malt and (50.0 ± 2.85) g kg−1 wheat malt. 
Water content provides an indicator of the storability of 
cereals. Its content in malts should usually be below 5 % 
[37].
The main criterion for the selection of raw materials for 
efficient ethanol production is sugar content. As a distill-
ers’ raw material, cereal grain is valued for its high effi-
ciency because it is rich in starch [38]. The starch content 
in the used in our study rye grains Dan´kowskie Złote cv. 
was at the level of (621.0 ± 15.4) g kg−1, which is con-
sistent with data published in the literature [25]. In turn, 
the starch content in cereal malts was lower and ranged 
from (505.0 ± 13.6) g kg−1 wheat malt to (542.7 ± 15.5) 
g kg−1 rye malt. The reason for the lower concentra-
tions of starch after malting is due to the development of 
enzymes hydrolyzing the starch to soluble sugars [39, 40]. 
As a consequence, the obtained results show a significant 
difference between the amount of reducing sugars con-
tained in unmalted rye and cereal malts. In unmalted rye 
grain (Dan´kowskie Diament cv.), reducing sugars content 
amounted to (14.7 ± 0.6) g kg−1, whereas cereal malts con-
tained significantly higher concentrations of these sugars, 
ranging between (165.7 ± 13.0) g kg−1 barley malt and 
(188.9 ± 18.9) g kg−1 wheat malt.
As regards protein content, it was higher in unmalted 
rye than in rye malt or others malts. This is due, among 
others, to the fact that some proteins are used during the 
controlled germination of cereals in the malting process 
[41]. Proteins are essential for the quality of malt. First, 
high protein content decreases available carbohydrates, 
adversely influencing the fermentation process, and sec-
ond, proteolysis (protease hydrolysis producing amino 
acids and peptides) during malting and mashing is neces-
sary for yeast metabolism [42, 43]. Yeast growth requires 
the uptake of nitrogen for the synthesis of protein and 
other nitrogenous components of the cell, but yeasts can 
only utilize low molecular weight nitrogenous materials 
such as inorganic ammonium ion, urea, amino acids and 
small peptides. The yeast cannot take up proteins or break 
down peptides larger than tripeptides [44]. As an essential 
nutrient, free amino nitrogen (FAN) is especially impor-
tant for yeast growth in the beginning of the fermenta-
tion process [45]. The extracellular proteolytic activity 
of yeast is negligible. Proteolysis does not occur in the 
fermentation, unless the yeast has autolyzed. Nitrogen 
uptake slows or ceases later in the fermentation as yeast 
multiplication stops. When the sugar content is high and 
vital nutrients are lacking, a stuck fermentation can occur 
[46, 47].
Considering the above-mentioned aspects, to ensure 
appropriate conditions for the yeast fermentation activity, 
and to limit the development of bacterial infections, mashes 
were supplemented with ammonium ion, supplied as phos-
phate salt (NH4)2HPO4.
As regards the amylolytic enzymes activities in used raw 
materials, it was found that unmalted rye (Dan´kowskie Dia-
ment cv.) was characterized by a low activity of α-amylase 
(0.83 ± 0.007) CU g−1 and a significantly higher β-amylase 
activity at the level of (4.96 ± 0.38) BU g−1. Among the 
malts used in this study, the highest amylolytic activity 
showed the wheat malt, while the lowest was observed in 
the barley malt. This is consistent with the manufacturer’s 
declaration, concerning the diastatic power of the tested 
malts expressed in Windisch–Kolbach units [24].
Table 1  Chemical composition of raw materials
Results expressed as mean values ± SE (n = 3); values with different letters in the same line are significantly different (p < 0.05)
Components Raw material
Unmalted rye (Dan´kowskie Diament cv.) Wheat malt Rye malt Barley malt
Moisture (g kg−1) 88.0a ± 3.56 50.0b ± 2.85 37.0c ± 1.95 35.0c ± 1.85
Starch (g kg−1) 621.0c ± 15.4 505.0a ± 13.6 542.7b ± 15.5 529.2ab ± 13.4
Reducing sugars (g kg−1) 14.7a ± 0.6 188.9b ± 18.9 176.1b ± 13.5 165.7b ± 13.0
Protein (g kg−1 s.s.) 103.5b ± 6.5 100.5b ± 5.0 84.5a ± 3.2 93.8b ± 4.2
Amylolytic activities
 α-Amylase (CU g−1) 0.83a ± 0.007 350.45b ± 2.35 266.09d ± 5.42 149.83c ± 1.82
 β-Amylase (BU g−1) 4.96b ± 0.38 95.55d ± 0.61 86.14c ± 0.56 30.68a ± 0.58
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The chemical composition of mashes before and 
after fermentation
The reference mash was prepared from unmalted rye grain 
with application of amylolytic preparations. Digestion with 
the enzymes contained the preparations was conducted 
sequentially. After the liquefaction of starch by bacte-
rial α-amylase (preparation Termamyl SC) in the time of 
30 min, subsequent stages of the process were conducted 
according to the principles of SSF process, i.e., the mash 
was cooled to approximately 60 °C, supplemented with 
the saccharifying glucoamylase (preparation SAN Extra) 
and immediately cooled to the temperature at which fer-
mentation was started (30 °C). Due to the procedure used, 
prepared rye mash was characterized by a higher con-
tent of dextrins (64.9 ± 2.5) g L−1 than reducing sugars 
(56.2 ± 1.8) g L−1. The principal benefits of performing 
the saccharification together with the fermentation are the 
reduced end-product inhibition of the enzymatic hydroly-
sis, and the reduced investment costs [48] should also be 
remembered that the saccharification stage is ideally suited 
for growth of very heat tolerant Lactobacillus strains 
known to create the lactic acid in fuel alcohol plants that 
interferes with yeast metabolism. Simultaneous sacchari-
fication and fermentation (SSF) technologies were devel-
oped for batch fermentation to eliminate bacterial contami-
nations and the resultant loss of ethanol yields [49].
Hydrolysis of starch to the fermentable carbohydrates 
glucose, maltose, and maltotriose is an important aspect 
of brewing as well as of distilling technology. Starch 
hydrolysis is carried out by the malt enzymes α-amylase, 
β-amylase, limit dextrinase, and α-glucosidase [50]. 
Because the activity of the different enzymes is highly 
dependent on temperature, the manipulation of such varia-
ble is the main control mechanism for the mashing process. 
The mashing in brewing technology often consists of sev-
eral temperature steps, each favoring different malt enzyme 
activities. The lowest temperature (45–50 °C) is the optimal 
temperature for cell wall degrading enzymes, β-glucanases, 
while the proteases works best at 52 °C, the β-amylase 
at 60–65 °C, and the α-amylase at 72 °C. The last step in 
the mashing is inactivation of the enzymes at 78 °C. Two 
major starch-digesting enzymes are released from malt, 
α-amylase and β-amylase. Temperatures of 60–65 °C maxi-
mize the activity of β-amylase, while temperature 72 °C is 
optimal to α-amylase activity [51, 52].
An energy-saving and brewing cycle time reducing solu-
tion is a simple heated step mashing at 60 °C [53]. Analo-
gously, the distillery mashes with the application of cereal 
malts were prepared.
The differences in the chemical composition of the pre-
pared distillery mashes, depending on the type and amount 
of malts used, were observed (Table 2). The presence of 
wheat and barley malts (30 or 50 %) in sweet mashes did 
not significantly change their total extract content relative 
to the reference mash originating from unmalted rye alone 
(p > 0.05). Higher extract values between (200.0 ± 5.6) 
g kg−1 and (266.6 ± 6.6) g kg−1 were observed in the 
mashes containing 30 or 50 % rye malt. The obtained 
results stay in accordance with the ones described by Hüb-
ner et al. [45] who stated that the extract contents in rye 
malt-based worts are significantly higher than in barley 
malt-based worts, because rye lucks the husk which repre-
sent about 10 % of barley dry weight.
The content of total sugars (after acid hydrolysis) in 
the mash obtained from unmalted rye was (128.3 ± 4.5) 
g glucose L−1 mash, while in mashes containing rye malt 
it ranged from (155.0 ± 5.5) g glucose L−1 mash (30 % 
rye malt) to (172.0 ± 5.8) g glucose L−1 mash (50 % rye 
malt). The concentrations of reducing (fermentable) sug-
ars were twice as high in mashes containing 30 % cereal 
malts as in the reference sample. An increase in the content 
of cereal malt in mashes from 30 to 50 % did not improve 
significantly the initial degree of starch saccharification 
(p > 0.05). That led to a higher concentration of dextrins, 
especially in mashes containing rye malt despite the rela-
tively high activity of amylolytic enzymes in this malt. It 
was probably that the amylolytic enzyme activities could 
be inhibited by high sugar content.
The chemical analysis of mashes after fermentation con-
sisted of the determination of apparent and real extract, as 
well as the concentration of ethanol, reducing sugars, total 
sugars (after acid hydrolysis), and dextrins (Table 2).
During Scotch whisky production, the fermentation 
process is usually allowed to proceed to a point at which 
the specific gravity of fermented mash drops to below 1.0 
[9]. Apparent extract (measured in the presence of etha-
nol which decreases medium density) for well-fermented 
distillery mashes with an initial extract of approximately 
180 g kg−1 should not exceed 10–15 g kg−1 [54].
After 72-h fermentation, the tested mashes were char-
acterized by higher values of apparent extract. In the mash 
originating from unmalted rye, it amounted (18.5 ± 0.5) 
g kg−1, whereas in samples of mashes with 30 % cereal 
malt it ranged from (19.2 ± 1.0) to (28.0 ± 1.2) g kg−1. 
Samples containing 50 % malt were characterized by an 
apparent extract in the range of (22.0 ± 0.9) to (26.0 ± 1.3) 
g kg−1.
In brewing technology, the suitability of the extracted 
compounds for ethanol production is reflected by the 
parameter called fermentability. This factor is defined 
as the percentage of extracted compounds, which can be 
fermented into ethanol by yeast. The fermentability val-
ues measured in rye malts ranged from approximately 73 
to 77 % [45] and are considerably lower than in barley 
malt (typically >80 %) or wheat malt (>78 %) [55]. This 
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is explained by the higher contents of FAN in barley malt 
[55].
In our research, the highest concentration of ethanol 
(8.40 ± 0.25) % vol. was found in the mash containing 
50 % rye malt, while the lowest (6.60 ± 0.12) % vol. in the 
mash containing 50 % barley malt (Table 2).
As regards the residual sugars, the mash prepared exclu-
sively from unmalted rye was marked after fermentation by 
the lowest content of reducing sugars and dextrins. How-
ever, it should be noted that the above mash was also char-
acterized by the lowest content of sugar before fermenta-
tion. The decrease in dextrins content can be attributed to 
the continuous combined action of α-amylase, β-amylase, 
and limit dextrinase. The activity of α-amylase results in 
an increase in (shorter) dextrins; while β-amylase rapidly 
removes a maltose moiety from the non-reducing end of all 
dextrins. If the concerted activity of malt α- and β-amylases 
was sufficiently random, then it could be expected that this 
would result in a general decrease in the concentration of 
dextrins [56].
The highest amounts of non-hydrolyzed dextrins, 
between (12.6 ± 0.5) and (14.7 ± 0.6) g L−1, remained 
in the mashes containing 30 % barley malt and 30 % rye 
malt, respectively. The relatively low barley malt β-amylase 
activity (Table 1) could be the probable cause of incom-
plete starch hydrolysis and low ethanol production in the 
mash prepared with this malt. In turn, the high concentra-
tion of unhydrolyzed dextrins in the mash containing 30 % 
rye malt could be a consequence of too high content of 
starch relative to the amylolytic activities present in the 
applied dose of the malt.
At higher malt dosages, malt provides a rich source of 
α-amylase, and it has a greater effect than β-amylase does, 
thus resulting in lower levels of maltose and higher levels 
of glucose and maltotriose. It is clear that the addition of 
malted cereals leads to higher levels of soluble sugars and 
also that the addition of unmalted cereals brings in a cer-
tain level of carbohydrate. It is also important to consider 
the hydrolytic effects, which the endogenous malt starch-
degrading enzymes bring into the system [57].
In order to evaluate fermentation results, the degree of 
sugar utilization and the efficiency of ethanol biosynthe-
sis (expressed as percent of the theoretical amount) were 
calculated (Fig. 1). The highest sugar consumption rate 
(94.19 ± 2.35) % was found for the mash prepared only 
from unmalted rye and treated with amylolytic prepara-
tions. In the mashes prepared from unmalted rye with the 
addition of cereal malts, sugar consumption ranged from 
(83.74 ± 2.09) % for the mash containing 30 % barley malt 
to (93.08 ± 2.33) % for the mash containing 50 % rye malt. 
In turn, fermentation efficiency (real yield relative to the 
theoretical amount) ranged from (75.39 ± 1.88) % for the 
mash consisting of 50 % unmalted rye and 50 % rye malt to 
(87.92 ± 2.19) % for the mash consisting of 50 % unmalted 
rye and 50 % wheat malt. Higher ethanol yields were found 
for mashes prepared with wheat malt (p < 0.05), whereas 
the lowest yield was observed for mashes containing rye 
malt. A likely reason for this may be the fact that despite 
its high α-amylase activity, rye malt often adversely affects 
the course of fermentation as it contains compounds that 
inhibit the yeast activity. Cereal grains contain various 
amounts of non-starch polysaccharides (NSPs), which are 
Fig. 1  Fermentation factors of mashes. Different letters indicate 
significant differences (p < 0.05) between the mean values of sugar 
intake (lowercase letters), fermentation efficiency as percentage of 
the theoretical amount (capital letters) and fermentation yield from 
100 kg of starch (bold capital letters). 1 Unmalted rye (Dan´kowskie 
Diament cultivar). 2 Unmalted rye (70 %) and wheat malt (30 %). 3 
Unmalted rye (70 %) and rye malt (30 %). 4 Unmalted rye (70 %) 
and barley malt (30 %). 5 Unmalted rye (50 %) and wheat malt 
(50 %). 6 Unmalted rye (50 %) and rye malt (50 %). 7 Unmalted rye 
(50 %) and barley malt (50 %)
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composed predominantly of arabinoxylans (pentosans), 
β-glucans, and cellulose [58]. The detrimental effect of 
soluble NSPs is mainly associated with their viscosity and 
physiological effects on the digestive medium. The content 
and type of NSPs differ among cereals. NSP content rela-
tive to dry matter is lower in wheat kernels (11.4 %) than 
in rye (13.2 %). Arabinoxylans (AX) are the predominant 
NSP in wheat (6–8 %) and rye (8.9 %), while β-glucans 
are the predominant NSP in barley (7.6 %) [59]. Most of 
the arabinoxylans found in cereal grains are insoluble in 
water, but those not bounded to the cell walls, which can 
form highly viscous solutions and absorb an amount of 
water equivalent to about ten times their weight, are named 
as water-extractable AX (WEAX). These compounds are 
important for brewing purpose and agricultural distillates 
production. Soluble NSPs cause an increase in the viscosity 
of the medium, generally hampering the digestion process, 
whereas insoluble NSPs impede the access of endogenous 
enzymes to their substrates by physical entrapment [45, 
60].
Summing up, the obtained results indicate that under the 
conditions set in our experiments ethanol yield from 100 kg 
of starch was between (54.26 ± 1.36) L A100 (for the mash 
containing 50 % rye malt) and (63.30 ± 1.58) L A100 (for 
the mash containing 50 % wheat malt) (Fig. 1).
Chemical composition of the obtained distillates
During the fermentation process, yeasts produce ethanol 
and carbon dioxide, which promote the synthesis of alco-
hols, esters, organic acids, and these compounds determine 
the flavor and aroma of the alcoholic beverages [61–63]. 
The pathways of synthesis, type and concentration of these 
compounds also depend on the microorganisms present 
during the fermentation process [64], the chemical compo-
sition of the raw materials, ratio of C/N, and the environ-
mental conditions [65, 66].
A comparison of the chemical composition of the 
obtained distillates demonstrates a significant effect of 
the cereal malts used in the preparation of sweet mashes 
(Tables 3, 4).
The main volatile compounds occurring in alcoholic 
beverages are aldehydes—intermediates in two-step 
decarboxylation of alpha-keto acids to alcohols as well 
as indirect products during the synthesis and oxidation 
of alcohols. Aldehydes, which represent a rather widely 
described class of compounds, as aroma compounds are 
often noted to have a negative influence on the quality 
characteristics of spirits. The concentrations of carbonyl 
compounds in agricultural distillates depend on the qual-
ity of raw materials, their chemical composition, the con-
ditions of technological processes and microbial contami-
nation [67].
Acetaldehyde is the predominant aliphatic carbonyl 
compound contained in raw spirits. Among the produced 
distillates, the highest concentration of acetaldehyde at 
(135.82 ± 2.56) mg L−1, 100 % vol. alcohol was found in 
the distillate from unmalted rye (p < 0.05). A comparison 
of distillates from mashes containing 30 and 50 % malts 
shows considerable variation in acetaldehyde concentra-
tions. This could be due to the quality and type of malts 
used. In the case of raw spirits obtained from mashes 
containing wheat malt, the concentration of acetalde-
hyde tended to decrease when the content of that malt in 
sweet mashes was increased (p < 0.05). In contrast, distil-
lates produced from mashes containing rye malt exhibited 
an inverse tendency. Of note is the distillate derived from 
the mash containing 50 % unmalted rye and 50 % wheat 
malt, which revealed the lowest acetaldehyde content at 
(36.06 ± 0.35) mg L−1 100 % vol. alcohol (Table 3).
Also, the presence of aldehydes such as furfural, hexa-
nal, and benzaldehyde was determined in the studied dis-
tillates. Furfural is a compound formed during the dehy-
dration of pentoses in technological processes carried out 
at elevated temperatures [68]. The lowest concentration of 
this aldehyde (18.29 ± 1.39) mg L−1 100 % vol. alcohol 
was found in the distillate derived from the mash contain-
ing unmalted rye only. A higher malt content in the mashes 
was reflected in an increase in the concentration of furfural 
in the obtained distillates. The highest concentration of this 
compound (117.23 ± 0.80) mg L−1 100 % vol. alcohol was 
found in the distillate from the mash containing 50 % rye 
malt. The studied cereal distillates also contained small 
amounts of hexanal and benzaldehyde (Table 3).
Esters (mostly ethyl esters of monocarboxylic acids) are 
an important group of flavor compounds found in spirits 
such as whisky, cognac, and rum. Total ester content var-
ies widely in strong spirits. Ethyl acetate is quantitatively 
the most important component of the ester fraction, usually 
accounting for over 50 % of the total. Many short-chain 
esters, such as isobutyl acetate, ethyl 3-methylbutyrate, 
ethyl n-butyrate, 2-methylbutyl acetate, and 3-methylbutyl 
acetate, have fairly strong odors. Therefore, their occur-
rence in whisky, cognac, and rum has been investigated 
extensively [69]. In whisky, the concentration of long-chain 
carboxylic acid esters increases from ethyl hexanoate up 
to ethyl decanoate and then declines with C18 ethyl esters 
typically being the longest esters to be detected [70, 71].
Determination of the content of esters in the analyzed 
distillates shows that their concentrations were higher 
(p < 0.05) in distillates from mashes containing cereal malts 
than in raw spirits obtained from unmalted rye only. In this 
group of compounds, ethyl acetate is predominant. The 
highest concentrations of ethyl acetate were found in distil-
lates from fermented mashes containing 50 % unmalted rye 
and 50 % rye malt (Table 3).
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The tested distillates exhibited small amounts of esters 
of higher carboxylic acids and ethanol, i.e., ethyl caproate 
(ethyl hexanoate) and ethyl caprylate (ethyl octanoate) as 
compared to the predominant ethyl acetate. In the distil-
late obtained from unmalted rye, the concentration of those 
esters was similar (p > 0.05). In the majority of spirit dis-
tillates obtained from mashes containing cereal malts, the 
concentrations of ethyl caproate were lower than in control 
(the distillate obtained from unmalted rye only), (p < 0.05). 
On the other hand, a higher content of wheat and barley 
malts in mashes led to an increase in the concentration of 
ethyl caprylate in the distillates. Trace amounts of hexyl 
acetate were also found in all raw spirit samples (Table 3).
One of the undesirable compounds in spirit distillates is 
methanol, which is generated through hydrolysis of meth-
ylated pectins present in the plants and fruits. Methanol 
will be an unavoidable component of fermented mashes 
from fruits with high pectin contents such as Williams 
pears, plums, and mirabelles. This compound is produced 
in the process of hydrolysis of pectins by specific pectol-
ytic enzymes, and in particular pectin methylesterase [72]. 
While methanol does not directly affect the flavor of the 
distillate, it is subjected to restrictive controls owing to its 
high toxicity [73]. Nevertheless, due to the fact that metha-
nol arises as a result of de-esterification of pectins, which 
are naturally present in fruits, its presence at limited con-
centrations in fruit-derived distillates proves the identity 
of those products [74]. Small pectic deposits have been 
reported in barley coleoptiles [75] and in wheat grain [76]. 
It is also believed that some yeast strains (among others 
assigned to the genus Saccharomyces) have pectin methyl 
esterases [77, 78].
Based on the literature data [6], methanol concentrations 
for different samples of Scotch whiskies (single malt, single 
grain, blended) ranged between 4.7 and 16.4 g per 100 L 
absolute alcohol (i.e., between 47 mg and 164 mg L−1).
EU Regulation no. 110/2008 [79] defines acceptable 
concentrations of methanol in ethyl alcohols of agricul-
tural origin, wine spirits, and fruit spirits, but does not set 
any limits on the content of this compound in distillates 
of agricultural origin and grain spirits. Methanol con-
centrations in the obtained distillates (raw spirits) varied 
widely (p < 0.05) between (52.67 ± 2.63) mg L−1 100 % 
vol. alcohol (70 % unmalted rye and 30 % rye malt) and 
(118.7 ± 4.75) mg L−1 100 % vol. alcohol (50 % unmalted 
rye and 50 % wheat malt). The greatest differences 
(p < 0.05) in the concentration of methanol, as compared 
to the control (the distillate obtained from unmalted rye 
only), were noted in distillates from fermented mashes con-
taining wheat malt (especially at a concentration of 50 %), 
(Table 4). It should, however, be noted that all obtained dis-
tillates meet the requirements of the mentioned EU Regu-
lation [79], which stipulates that the maximum methanol 
content in ethyl alcohol of agricultural origin shall amount 
to 30 g hL−1 100 % vol. alcohol (i.e., 300 mg L−1).
From a quantitative point of view, the most important 
group of fermentation by-products is higher alcohols, rep-
resented mainly by: n-propanol, amyl alcohol, and its iso-
mers, i.e., 2-methyl-1-butanol, 3-methyl-1-butanol. The 
regulation of the biosynthesis of higher alcohols is com-
plex, since they may be produced as by-products of amino 
acid catabolism or via pyruvate derived from carbohydrate 
metabolism [44]. These compounds play an important 
role in the formation of flavor qualities in spirits, such as 
whisky and Starka. Scotch malt whiskies are rich in higher 
alcohols, with contents often well over 2 g L−1 [9]. Accord-
ing to the recommendations of the Polish Standard [80], the 
maximum concentration of these compounds in the agricul-
tural distillates used for Starka production is 5 g L−1 100 % 
vol. alcohol.
Aylott and MacKenzie [6] carried out research aimed at 
developing of analytical strategies to confirm the authentic-
ity of Scotch whisky. Blended Scotch whiskies, being com-
binations of many different Scotch malts and grains, are 
diverse and show representative analytical profiles of their 
constituent parts. The concentrations of 2- and 3-methyl 
butanol in Grain Scotch whisky were relatively low com-
pared to n-propanol and isobutanol. The Malt Scotch whis-
kies were rich in these higher alcohols, with the average 
2- and 3-methyl butanol concentration being 190 g/100 L 
absolute alcohol, compared to only 30 g/100 L absolute 
alcohol in the Grain Scotch whiskies.
In the obtained distillates, the most abundant among 
higher alcohols was 3-methyl-1-butanol. In the trials 
obtained from unmalted rye, it was followed by 2-methyl-
1-butanol and 2-methyl-1-propanol, while the distillates 
from mashes containing cereal malts exhibited higher con-
centrations of 2-methyl-1-propanol than 2-methyl-1-bu-
tanol (Table 4).
The highest concentrations of amyl alcohol isomers (i.e., 
2-methyl-1-butanol and 3-methyl 1-butanol) were found 
in the distillate obtained from unmalted rye mash. In turn, 
distillates originating from fermented mashes containing 
cereal malts exhibited higher concentrations of 1-propanol, 
1-butanol, 1-hexanol, and benzyl alcohol (p < 0.05). The 
differences found in higher alcohol concentrations in the 
tested distillates are probably the consequence of the type 
of raw material. This is confirmed by report by Kłosowski 
et al. [81], who studied influence of various yeast strains 
and selected starchy raw materials on production of higher 
alcohols during the alcoholic fermentation process. The 
authors observed that among the distillates obtained from 
different raw materials, the highest final total content of 
higher alcohols (ca. 5.46 mg L−1 100 % vol.  alcohol, on 
average) was found in the distillates produced from the 
maize mashes, while in the rye and amaranth distillates 
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the concentrations of these compounds were similar and 
reached the level of ca. 3.44 mg L−1 100 % vol. alcohol.
Conclusions
Presented study examined the efficiency of rye starch 
hydrolysis in a mashing process using either enzymatic 
preparations or cereal malts as a source of amylolytic 
enzymes and starch. Also, the effects of those ingredients 
on the results of fermentation and the composition of the 
distillates were investigated.
The results obtained indicate the possibility to use all 
tested in our study types of malts in the manufacturing of 
agricultural distillates. The concentration of fermentable 
sugars was twofold higher in sweet mashes containing 
30 % cereal malts in comparison with the rye mash pre-
pared with amylolytic preparations. The highest efficiency 
of process, comparable to the obtained in the rye mash 
digested with amylolytic preparations, was reached after 
fermentation of the mash prepared with 50 % wheat malt. 
The fermentation of mash containing 50 % unmalted rye 
grain and 50 % brown barley malt by the low β-amylase 
activity resulted in the lowest ethanol concentration and 
relatively high amount of non-hydrolyzed dextrins in the 
mash after fermentation. To improve fermentation effi-
ciency of distillery mashes with the application of brown 
malts, such as used in our study barley malt exhibiting a 
reduced amylolytic activity, further investigations concern-
ing the mashing with these malts are justified.
The spirit distillates originating from mashes containing 
cereal malts were characterized by lower concentrations of 
undesirable acetaldehyde than the distillate obtained from 
unmalted rye alone. Moreover, methanol content in all the 
obtained distillates meets the requirements included in the 
Regulation (EC) No 110/2008.
In summary, taking into account an increased care and 
attention to niche products [23], cereal malts can be valu-
able raw materials for the micro-distilleries, ensuring an 
appropriate starch saccharification and efficient fermenta-
tion, as well as leading to original distillates, which may 
be used for the production of spirits with an interesting fla-
vor profile. The production of distillates from malted and 
unmalted cereals may be incorporated in the manufacturing 
portfolio of agricultural distilleries to help increase their 
competitiveness and facilitate attracting new customers 
interested in original distillates.
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